The cyclic process of biosynthesis and degradation of poly(3-hydroxyalkanoate) (PHA) was studied in Alcaligenes eutrophus under conditions of nitrogen-limitation of growth..4, eutrophus cells, which had accumulated poly(3-hydroxybutyrate) (PHB) of 55 wt~ content within cells from butyric acid, were transferred into a nitrogen-free medium containing pentanolc acid as the sole carbon source and cultivated at 30°C and pH 7.5. The content of PHB in A. eutrophus cells decreased with time, whereas a copolyester of 3-hydroxybutyrate (HB) and 3-hydroxyvalerate (HV) units, P(HB-co-HV), was accumulated in the presence of pentanoic acid. Conversely. when .4. eutrophus cells with 50 wtC$ content of P(HB-co-56f~ HV) were incubated in a nitrogen-free medium containing butyric acid, the content of P(HB-co-56~ HV) decreased with time, whereas PHB was accumulated. These results indicate the cyclic nature of PHA metabolism in .4. eutrophus under these conditions.
INTRODUCTION
The cyclic process of biosynthesis and degradation of poly(3-hydroxyalkanoate) (PHA) was studied in Alcaligenes eutrophus under conditions of nitrogen-limitation of growth..4, eutrophus cells, which had accumulated poly(3-hydroxybutyrate) (PHB) of 55 wt~ content within cells from butyric acid, were transferred into a nitrogen-free medium containing pentanolc acid as the sole carbon source and cultivated at 30°C and pH 7.5. The content of PHB in A. eutrophus cells decreased with time, whereas a copolyester of 3-hydroxybutyrate (HB) and 3-hydroxyvalerate (HV) units, P(HB-co-HV), was accumulated in the presence of pentanoic acid. Conversely. when .4. eutrophus cells with 50 wtC$ content of P(HB-co-56f~ HV) were incubated in a nitrogen-free medium containing butyric acid, the content of P(HB-co-56~ HV) decreased with time, whereas PHB was accumulated. These results indicate the cyclic nature of PHA metabolism in .4. eutrophus under these conditions.
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AIcaligenes eutrophus accumulates poly-3-hydroaybntyrate (PHB) as an intraceUular storage polymer from fructose or butyric acid under conditions of restricted growth [1] . Recently, A. eutrophus has been shown to accumulate a copolyester of HB and HV units from propionic or pentanoic acid [2-4|. The copolyester has a statistically random distribution of HB and HV units [5, 6] . A pathway for synthesis of P(HB-co-HV) has been proposed [3, 4] .
The pathway of PHB synthesis in A. eutrophus is well established [7] [8] [9] [10] . PHB is formed from acetyl-coenzyme A (CoA) by a sequence of three enzymatic reactions. 3-Ketothiolase catalyses the reversible condensation of acetyl-CoA to acetoacetyI-CoA [7.8]. The intermediate is reduced to v(-)-3-hydroxybutyryl-CoA by NADPH-dependent acetoacetyl-CoA reductase [9] , and PHB is then produced by the polymerization of D(--)-3-hydroxybutyryl-CoA by the action of PHB synthase. Conversely, the pathway of PHB degradation in A. eutrophus involves D(-)-3-hydroxybutyrate, acetoacetate, acetoacetyI-CoA, and acetyI-CoA as intermediates [7, 11] . In the cyclic process of PHB metabolism, 3-ketothiolase cata-lyses the first reaction of biosynthesis and the last reaction of degradation. It has been shown that 3-ketothiolase regulates PHB biosynthesis [7, 12] . However, relatively little is known about the regulation of PHB degradation.
In this communication we demonstrate the cyclic nature of PHA metabolism in A. eutrophus cells under nitrogen-free conditions, on the basis of the observation that the biosynthesis of PHA proceeds with a concomitant degradation of PHA.
MATERIALS AND METHODS

Organism and growth conditions A. eutrophus H16 (ATCC 17699) was first grown
under aerobic conditions at 30°C for 48 h on a reciprocal shaker in ten 500-ml Sakaguchi flasks, each containing 100 ml of nutrient-rich medium.
The medium contained 10 g of polypeptone, 10 g of yeast extract, 5 g of meat extract, and 5 g of (NH4)2SO 4 per liter of distilled water. The cells were harvested by centrifuging at 5000 ×g for 15 rain. Under these culture conditions an accumulation of polyesters in the cells was not observed.
Polyester accumulation and transformation
About 4 g (dry weight) of aseptically centrifuged cells were transfered into a 2.6-1 jar fermenter (equipped with six conventional turbine impellers and three baffles) in 1.0 1 of nitrogen-free mineral medium [1] containing 10 g of butyric or pentanoie acid as the sole carbon source. Temperature and pH were automatically controlled at 30°C and 7.5, respectively. The concentration of dissolved oxygen (DO) was controlled in the range of 4-6 ppm. The cells were incubated with each substrate for 24 h in the nitrogen-free medium and harvested by eentrifugation. After 24 h of cultivation, 4.1-4.6 g PHA/I was produced in 8.1-8.3 g A. eutrophus cells.
The cells from incubation with each substrate (containing 50-55 wt% PHA) were transferred again into 1,0 I of nitrogen-free mineral medium containing 10 g of the different carbon source from the first incubation, i,e. butyric or pentanoic acid. The batch incubation was carried out at 30°C and pH 7.5. A portion of culture solution was periodically taken out for analysis.
The cells were harvested by eentrifugation and lyophilized. Polyesters were extracted from the lyophilized cells with hot chloroform in a Soxhlet apparatus, and purified by reprecipitation with bexane.
Analytical procedures
The composition of each polyester was determined by analysis of tH nuclear magnetic resonance (NMR) spectra. The IH NMR analysis of polyesters was carried out on a JEOL FX-100 spectrometer. The 100 MHz IH NMR spectra were recorded at 27°C in a CDCI 3 solution of polyester (5 mg/ml).
Molecular weight data were obtained at 40°C by using a Shimadzu 6A GPC system. Chloroform was used as eluant at a flow rate of 0.5 ml/min, and sample concentration of 1.0 mg/ml was used. Polystyrene standards with a low polydispersity were used to make a calibration curve.
The differential scanning calorimetry (DSC) data of polyesters were recorded on a Shimadzu DSC-50 under a nitrogen flow of 30 ml/min. The polyester samples of 3 mg were encapsulated in aluminum pans and heated at 10°C/rain up to 200~C,
RESULTS AND DISCUSSION
I. Replacement of PHB by P(HB.co-HV)
A. eutrophur cells with 55 wt% of PHB content were incubated at 30°C and pH 7.5 in a nitrogen-free solution containing pentanoic acid as the sole carbon source. Table 1 lists time-dependent changes in the content, composition, and molecular weights of polyesters in A. eutruphus ceils during the incubation period. The content of polyester in dried cells defreased slightly with time from over a 29-h period 55 to 42 wt~, followed by a gradual increase to 52 wt~. The composition of polyester changed markedly in the presence of pentanoic acid, and the HV fraction in polyester increased from 0 to 49 mol~ after 96 h, The number-average molecular weight ,Mn of polyester decreased during the experiment, peratures (Tin) appeared at 60 ° and 170°C. The relative peak area of PHB at 170°C decreased with time, whereas the peak area of P(HB-co-HV) at 60°C increased. The HV tool fraction of the accumulated copolyester (Tin = 60 o C) is estimated as 50 =l= 5 mol~ from the empirical relation between T m and composition for P(HB-co-HV) [13] . These results indicate that the degradation of PHB occurs in parallel with the synthesis of P(HB-CO-HV) in A. eutrophus cells in the nitrogen-frc¢ culture medium containing pentanoic acid.
Replacement of P(HB.co+HV) by PHB
A. eutrophus cells containing 50 wt~ of a random copolyester of 44~ HB and 56~ HV units. P(HB-co-56~ HV), were transferred to a nitrogen-free solution of butyric acid and incubated at 30°C and pH 7.5. Table 2 summarizcs the result of time-dependent changes in the content, composition, and molecular weights of polyesters in the cells during the experiment. Fig. 2 shows the DSC melting curves of polyester samples isolated from the cells at different periods of incubation. The content of polyester in dried cells increased sfightly over the initial 28 h from 50 to 66 wt~, followed by a decrease to 50 wt~ at 48 h. The HV fraction in polyester decreased markedly from 56 to 19 mol~ during the incubation period of 48 h in the presence of butyric acid. On the D$C curves of polyester samples, two melting temperatures appeared at 75 ° and 166°C. In conclusion, the regulation of PHA degradation is incomplete under the nitrogen-free conditions used in these experiments, resulting in cyclic PHA metabolism.
